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Organodithiols including para-aryl dithiols (PADTs, HS-(C6H4)n-SH, n = 1, 2 and
3) and alpha, omega-alkanedithiols (ADTs, HS-(CH2)n-SH, n = 2, 4, …) with two distal
thiols have been used extensively in molecular electronics, surface-enhanced Raman
spectroscopy (SERS), and quantum electron tunneling between two gold or silver
nanoparticles (AuNPs and AgNPs). The popular belief is that these dithiols cross-link
noble metal nanoparticles (NPs) as monolayer dithiolate spacers. Reported is the finding
that PADTs predominantly exist as monothiolate forms on AuNPs or AgNPs. No PADTinduced NP cross-linking was observed regardless of NP/PADT concentration ratios. 1,4benzenedimethanethiol (HS-CH2-(C6H4)-CH2-SH) and ADT can be completely
deprotonated, forming dithiolates on AuNPs and AgNPs, while only one PADT thiol can
be deprotonated even when PADTs are treated with concentrated NaOH or AgNO3.
AuNP localized surface plasmon resonance (LSPR) measurement provides conclusive
evidence that ADT in AuNP junctions primarily consisted of dithiolate monomers in
which the two sulfides are either attached to the same AuNP, or cross-link two adjacent
AuNPs as single-molecular spacers. However, ADT molecules most likely in the area
surrounding the AuNP junction are monothiolate with their distal thiols either remaining

intact or forming disulfide cross-links with neighboring adsorbed ADTs. The possibility
for ADT to cross-link two AgNPs as single molecular linker is excluded on the basis of
TEM measurements that showed ADT-induced AgNP disintegration. This work
highlights the difference between organothiol interactions with AgNPs and AuNPs and
should be of broad importance for plasmonic NP research given the popularity of PADTs
in molecular electronics and SERS applications.
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CHAPTER I
INTRODUCTION
Noble metal nanoparticles (NPs) have attracted significant attention because of
their importance in a number of fields such as biosensing, catalysis, drug delivery, solar
cells, and surface enhanced Raman spectroscopy (SERS).1-11 Their use in these
applications stems from the fact that noble metal NPs have unique chemical and
electromagnetic properties. The physical and chemical properties of metal NPs differ
from those of their constituent atoms or the metals in the bulk form. For example, bulk
gold is unreactive while gold nanoparticles (AuNPs) can be catalytically active.12 Also,
gold in the bulk state is yellow while AuNPs are red or pink in color and bulk silver is
metallic while silver nanoparticles (AgNPs) are pale yellow.
The most extensively studied metal NP systems are AuNPs and AgNPs.12
Compared to AgNPs however, AuNPs are more extensively studied due to the ease of
obtaining monodispersity in their particle sizes and well defined control over their shape.
The most common method of AuNP synthesis is the citrate reduction method first
developed by Turkevich in 1951.13 This method is used to synthesize stable AuNPs in
water and involves the reduction of chloroaurate (AuCl4-) using sodium citrate. AuNPs of
approximately 20 nm in diameter are produced by using this method. By varying the ratio
of the AuCl4- to citrate, Frens, in 1973, successfully obtained AuNPs in the size range of
16 – 150 nm.14 In the Turkevich method, the citrate acts both as the reducing agent and
1

capping agent to impart dispersion stability to the AuNPs in water. This dispersion
stability of the AuNPs is achieved due to electrostatic repulsion between the negative
surface charges from adsorbed citrate on the AuNPs.15 Another method for synthesizing
AuNPs is the two phase Brust-Schiffrin method which involves the reduction of the
AuCl4- with citrate or sodium borohydride in the presence of thiol as the capping agent.16
Unlike the Turkevich method, the Brust-Schiffrin synthesis produces only small NPs (1 –
3 nm). The AuNPs can be redissolved in organic solvents.16, 17 Because of the small size
of the NPs and the monolayer of thiols that are formed during the synthesis, they are
called monolayer protected clusters (MPCs).12
On the other hand, the most common method of AgNPs synthesis is the citrate
reduction method developed by Lee and Misel in 1982.18 This method involves the
reduction of AgNO3 using sodium citrate as the reducing agent. This approach leads to
formation of citrate-stabilized colloidal AgNPs (in the size range between 50-100 nm) in
water.19 A major disadvantage of this method however, is that the NP size distribution is
not narrow. Reduction with sodium borohydride also leads to the formation of smaller
NPs. A less common approach of synthesizing AgNPs also involves γ-irradiation of a
solution of silver salt (e.g. AgClO4 or AgNO3) in the presence of citrate as the stabilizing
agent and an alcohol as a radical scavenger. This method typically leads to the formation
of AgNPs in the size range of 5-20 nm.19, 20
The majority of noble metal NP applications require functionalization of the NP
surface. For example, in delivery applications, drugs are anchored with thiol linkers onto
the NP surface taking advantage of thiols’ high affinity for AuNPs and AgNPs. Surface
functionalization imparts stability, functionality, and target specificity (e.g. in sensing and
2

drug delivery applications) to the NPs. Understanding the interfacial interaction and
structure and or conformation of molecules on the NP surfaces is therefore an important
aspect of NP research because the structure/conformation determines the physical,
chemical, and biological properties.
1.1

Surface functionalization of AuNPs and AgNPs
Noble metal NPs can be functionalized with various organic and biomolecules.

Surface functionalization is a way of tuning the interfacial properties of the NP for its
specific application. Surface functionalization requires that the adsorbates can be easily
attached to the NP surface. The ideal molecule for functionalization should be one that
has a high affinity for the surface of interest and can displace adventitious adsorbates on
the NP surface. Self-assembled monolayers (SAMs) provide a good platform to tune the
interfacial properties of NPs. SAMs are ordered monolayers of organic assemblies
formed as a result of spontaneous adsorption of molecules from solution or gas phase
onto the surface of planar metal films or metal NPs.21
Three approaches can be used in the surface functionalization of NPs. First, the
NPs can be functionalized with the ligands of interest during the NP synthesis process.
An example of this is in the Brust-Schiffrin synthesis where the functionalizing ligands
(thiols) are directly added during the synthesis.16 The second approach involves addition
of the ligand after the synthesis of the NPs. In this case, the ligand should have the ability
to displace the capping ligand on the NP during synthesis and form a covalent bond with
the surface. An example of this, is the functionalization of citrate-capped AuNPs using
thiols.22 The third approach is through specific conjugation of an already existing
covalently attached adsorbate to an incoming ligand.23
3

The most extensively used molecules for surface functionalization of AuNPs and
AgNPs are organothiols (organic molecules with thiol functional groups). This is because
of the high affinity of thiol groups for AuNPs and AgNPs. For example, gold is known to
form relatively strong Au-thiolate bonds (~ 40 kcal/mol).21, 24
SAMs on Au and Ag surfaces are also easy to prepare. A typical procedure for
preparing SAMs involves the immersion or incubation of the substrates in freshly
prepared dilute solutions (micromolar to millimolar concentrations) of organothiols for
approximately 12-18 h at room temperature. Adsorption of the organothiols onto the
substrates is usually fast (from few seconds to minutes) forming ~ 80-90% of the
monolayer followed by a slow reorganization of the chains which could take several
hours. Other experimental factors such as the solvent, temperature, immersion time,
purity of the organothiol, oxygen content of the solution, and chain length of the
adsorbate may affect the formation kinetics and structure of the SAM.21, 25
The interaction and structure of alkanethiols on planar gold and silver films as
well as NPs has been studied extensively,25-33 however, organodithiols are also attracting
much attention in the literature because of their utility in molecular electronics, SERS,
and fabrication of high order nanostructures.34-36
1.2

Organodithiols interactions with AuNPs and AgNPs
Organodithiols are an important class of organothiols that are gaining attention in

the literature. Unlike monothiols that have only one thiol (-SH) group, organodithiols
possess two –SH groups. The fact that two –SH groups exist in organodithiols introduces
some complexity in their interactions with Au and Ag surfaces since they may exist as
4

monothiolates in which only one of the two –SH groups is deprotonated or as dithiolates
in which both –SH groups are deprotonated.
Adsorption of alkanethiols onto Au and Ag surfaces is well understood. It is
generally accepted that alkanethiol adsorption involves an intial fast adsorption with the
alkanethiols in a “lying down” configuration followed by slow chain reorganization from
the “lying down” to the “standing up” configuration. In the case of dithiols however, this
transition from “lying down” to “standing up” configuration can be hindered when there
is the formation of two Au-thiolate bonds and this transition is not well understood.
Nevertheless, highly ordered SAMs of dithiols on Au and Ag surfaces are also observed
indicating the possibility of such a transition.37, 38 In the case of dithiols, a “standing up”
configuration will imply that the dithiols are anchored to the Au or Ag surface through a
single Au-S or Ag-S bond, while the “lying down” configuration will involve the
formation of two Au-S or Ag-S bonds.
Studies involving the interaction of organodithiols with planar gold and silver
films as well as NPs exist as discussed in the next section. However, studies on NP
systems are limited compared to studies on planar films. The structure of SAMs can
differ greatly depending on the curvature and defects on the surface. As such the
interaction of organothiols and organodithiols with planar films cannot provide detailed
information about their interaction with NPs which have surface curvatures and surface
defects.
Of particular interest among the organodithiols, para-aryl dithiols (PADTs) and
α,ω-alkanedithiols (ADTs) have received major attention in the plasmonic NP research
community because of their widespread utility in molecular electronics, and SERS
5

applications where they are generally believed to act as single molecule dithiolate linkers.
However, detailed studies of the interaction of these dithiols with plasmonic NPs have
been quite limited. This work will focus on the study of the interactions of the
aforementioned two classes of organodithiols with AuNPs and AgNPs in water in an
attempt to gain deeper insight into their structure and orientation on these surfaces.
1.3

Analytical methods for studying organodithiols interactions with Au and Ag
surfaces
Various analytical tools exist for characterizing SAMs of dithiols on planar films

and NPs. The choice of specific tools depends on the type and details of information
being sought about the SAM, the resolution of the analytical technique, and also the type
of substrate. The adsorption and structures of organodithiols on Au and Ag films have
been characterized by X-ray photoelectron spectroscopy (XPS),38-45 Fourier transform
infrared spectroscopy (FT-IR),43 ellipsometry,46 reflection-absorption infrared
spectroscopy (RAIRS),41, 47 cyclic voltammetry,43, 48 and direct recoil spectroscopy with
time of flight (TOF-DRS).49, 50
“Standing up” monothiolate and well-ordered SAMs of 1,4benzenedimethanethiol (BDMT) with a free pendant –SH group were reported for BDMT
adsorption from solution phase onto Au film characterized by RAIRS, XPS, and
ellipsometry.51, 52 Using XPS, and TOF-DRS, Jia et al. and Alarcón et al. independently
reported that gas phase adsorption of BDMT on Au and Ag films results in a lying down
phase at low exposures and a standing up phase at high exposures.45, 50 Stammer et al.
reported that the dithiol molecule 2-mercaptomethylbenzenethiol, adsorbs as a dithiolate
on Au based on the absence of the –SH stretch in their RAIRS spectrum.41
6

The structures of organodithiols on AuNP and AgNP systems have also been
characterized using XPS and vibrational spectroscopic techniques such as FT-IR, and
SERS.48, 53-56 On the basis of their FT-IR measurements, Pradeep et al. reported that
BDMT forms flat lying dithiolates on 3 nm Au and Ag nanoclusters in which two Au-S
or Ag-S bonds are formed. This conclusion was based on the disappearance of the –SH
stretching vibrations in the FT-IR spectrum.57 From their SERS measurements, Cho et al.
believed that 1,4-benzenedithiol (BDT) exists as a dithiolate both in basic solution and on
AgNPs due to the apparent disappearance of the –SH peak.55
XPS is an important technique for characterizing surface molecules. It provides
information about the elemental composition of the surface as well as the charge states of
the species adsorbed onto the surfaces. However, it also suffers from several
disadvantages such as X-ray induced damage to the surface molecules,58, 59 which could
lead to misleading results and incorrect conclusions about the structure and composition
of the SAMs. In addition, it is difficult to resolve peaks associated with thiol (S-H) and
disulfide (S-S) in XPS because they have the same binding energies (~163.5 eV).42 This
limitation is not encountered in SERS since SERS has the advantage of resolving –SH
and S-S peaks which appear at different wavenumbers (~2600 cm-1 and ~520 cm-1
respectively) in the acquired spectrum.
Vibrational techniques such as IR and SERS are particularly useful for the study
of the orientation of molecules adsorbed on the surfaces of metal NPs based on their
surface selection rules.60-62 Combining these techniques with theoretical calculations,
enables reliable information to be obtained about molecular orientation of adsorbed
molecules on AuNPs and AgNPs. Even though IR has several advantages over other
7

experimental methods (e.g. XPS) such as less tedious experimental procedures during
spectral acquisition, it is also limited in certain respects such as sensitivity and spectral
interference from solvents.
On the other hand, SERS is a very sensitive technique for the study of the
interfacial structure and adsorption mechanism of molecules adsorbed onto AuNPs and
AgNPs even at submonolayer concentration of adsorbates.63 The high sensitivity of SERS
towards the determination of adsorbed molecules is due to the strong electromagnetic
enhancement that is experienced by the molecules adsorbed onto the AuNP or AgNP
surfaces.9, 64
The interaction of molecules with AuNPs and AgNPs can also be qualitatively
monitored in-situ using UV-vis spectroscopy by taking advantage of the unique optical
property of these NPs called the localized surface plasmon resonance (LSPR) which
depends on factors such as the size, shape, and dielectric environment of the NPs.65, 66
Since the adsorption of molecules onto AuNPs and AgNPs mostly leads to a change in
the dielectric environment immediately surrounding the NPs, the LSPR of the NPs can be
qualitatively monitored during these interactions. While the use of UV-vis spectroscopy
is simple and fast, this can only provide qualitative information about the system. In this
work, we took advantage of the high sensitivity provided by SERS and the LSPR
associated with these NPs to develop an insight into the interaction of organodithiols with
AuNPs and AgNPs in water.
The following sections provide information about the fundamental principles
governing the LSPR and SERS which have been largely employed in this study.
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1.4

Localized Surface Plasmon Resonance (LSPR)
AuNPs and AgNPs exhibit a strong optical resonance phenomenon called LSPR

when they interact with light. The LSPR of NPs is due to resonant collective oscillation
of the conduction electrons of the NPs with the frequency of the incident light. As a
result, AuNPs and AgNPs exhibit strong extinction (absorption and scattering) in the UVvisible region. The spectrum thus obtained is called the LSPR spectrum.67-69 Figure 1.1
shows the schematic representation of the surface plasmon oscillation for spherical NPs.65

Figure 1.1

Schematic representation of surface plasmon oscillation of spherical NPs.
Reproduced from ref 60.

The LSPR spectra of NPs depend on several factors such as the size, shape, and
dielectric environment and aggregation state of the NPs.65, 66, 70 For example 13 nm
citrate-capped AuNPs have extinction peak maximum in the LSPR spectrum at ~520 nm
while a 50 nm citrate-capped AuNPs have the maximum typically at ~540 nm. The LSPR
of NPs (e.g. 10-100 nm) increases with the particle size because of the increase in the
extinction coefficient of the NPs.65 This particle size dependence of the LSPR is
explained using the Mie theory (equation 1.1)68, 71, 72
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𝐶𝜆 =

3/2

24𝜀 2 𝑅 3 𝜀𝑜𝑢𝑡
𝜆

[(𝜀

𝜀2
1 +2𝜀𝑜𝑢𝑡 )

2 +𝜀 2
2

]

(1.1)

Where;
𝐶𝜆 is extinction cross section for the NP.
λ is the wavelength of the electromagnetic wave.
R is radius of the NP.
𝜀𝑜𝑢𝑡 is the dielectric function of the medium surrounding the NP.
𝜀1 and 𝜀2 are dielectric constants of real and imaginary parts of the NP
respectively.
LSPR is also sensitive to the proximity of NPs. Thus, aggregation of NPs will
result in the red shift of the LSPR band as the solution turns from red to blue due to the
plasmon coupling between neighboring NPs.73
This plasmon coupling between NPs also leads to an increase in the electric field
generated between the NPs. The enhanced electromagnetic field generated is the cause of
the strong signals generated for molecules on the NPs in SERS.68
1.5

Surface enhanced Raman Spectroscopy (SERS)
The low efficiency of inelastic scattering of photons by a molecule in Raman

spectroscopy makes the direct sensitive detection of analytes in Raman spectroscopy
difficult. In the presence of plasmonic NPs such as AuNPs and AgNPs, strong Raman
signal intensities have been observed in several experiments with enhancements up to 106
orders of magnitude.9, 64 This phenomenon was attributed to the electromagnetic
enhancement induced at the surface of the NPs in the presence of light and is referred to
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as surface enhanced Raman scattering, thus giving birth to the technique, surface
enhanced Raman spectroscopy (SERS). The large enhancements in the Raman signal
generated has made SERS a powerful analytical technique for studying ligand adsorption
onto AuNPs and AgNPs taking advantage of its single molecule detection sensitivity and
the fact that fingerprint spectra of analytes can be obtained.74, 75 In addition,
measurements can be done in an aqueous environment.
Two main mechanisms have been accepted as the underlying mechanisms causing
the enhancement of the SERS signals. These are the electromagnetic (EM) enhancement,
which occurs due to the resonances of the incident electromagnetic field with the surface
plasmons of the metal NPs as discussed above,76 and chemical enhancement (CE). CE is
mostly due to charge transfer interactions of adsorbed molecules with the metal NPs.77, 78
The major part of the enhancement observed in SERS is due to the EM enhancement
(≥104) while CE is known to provide an order or two of magnitude in enhancement to the
Raman signal intensity.76-78
Interaction of an external field (Eo) with a small spherical NP induces an
electromagnetic field (Einduced) at the surface of the NP. The field induced at the surface of
the sphere is related to the applied external field by the following equation;76

𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑 = [

𝜀1(𝜔)−𝜀3
𝜀1 (𝜔)+2𝜀3

]𝐸𝑂

(1.2)

Where 𝜀1 (𝜔) is the frequency dependent dielectric function of the metal.
𝜀3 is the relative permittivity of the ambient phase.
The EM enhancement becomes even higher at gaps between NPs that are very
close to each other due to their plasmon coupling. Indeed, it has been shown that reducing
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the interparticle distance increases the Raman signal of molecules at these interparticle
gaps.79 In practical SERS measurements, the generation of these gaps is induced by adding
electrolytes to the analyte/NP mixtures.

1.6

Thesis objectives
Studies exist on the interaction of organodithiols with Au and Ag films as well as

on NPs as has been discussed in Chapter 1 of this work. However, compared to planar
films, studies on NPs have been somewhat limited. Of particular interest in this work is
para-aryl dithiols (PADTs, HS-(C6H4)n-SH, n =1, 2, and 3) which have found tremendous
applications in several areas including molecular electronics, SERS, and quantum
electron tunneling between two AuNPs and AgNPs. The PADTs are generally believed to
act as single molecule dithiolate spacers in the majority of these applications without
detailed structural studies of these molecules on the plasmonic NPs.
This dissertation is composed of three chapters. Chapter 1 provides an overview
of the dissertation including the current state-of-knowledge of the subjects related to the
dissertation. Chapter 2 of this dissertation is focused on the interaction of PADTs with
AuNPs and AgNPs in an effort to have detailed understanding about their structure on
these plasmonic NPs. As part of our continuing effort, the interactions, structures, and
conformations of α,ω-alkanedithiols (ADTs), which have also been utilized in a number
of areas were also studied. Chapter 3 of this work discusses the structures and
orientations of ADTs on AuNPs and AgNPs in water. The insights provided in these
studies have broad significance in NP research because of the increasing importance of
these classes of organothiols in molecular electronics and SERS applications.
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CHAPTER II
CAN PARA-ARYL-DITHIOLS CROSS-LINK TWO PLASMONIC NOBLE
NANOPARTICLES AS MONOLAYER DITHIOLATE SPACERS?
(Published in J. Phys. Chem. C 2015, 119, 6626-6633)
2.1

Abstract
Para-aryl-dithiols (PADTs, HS-(C6H4)n-SH, n = 1, 2 and 3) have been used

extensively in molecular electronics, surface-enhanced Raman spectroscopy (SERS), and
quantum electron tunneling between two gold or silver nanoparticles (AuNPs and
AgNPs). One popular belief is that these dithiols cross-link noble metal nanoparticles
(NPs) as monolayer dithiolate spacers. Reported herein is our finding that PADTs
predominantly exist as monothiolate forms on AuNPs and AgNPs. No PADT-induced NP
cross-linking was observed regardless of the NP/PADT concentration ratios. Moreover,
only one PADT thiol can be deprotonated, even when PADTs are treated with
concentrated NaOH or AgNO3 solutions. In contrast, 1,4-benzenedimethanethiol (HSCH2-(C6H4)-CH2-SH) and the alkyl dithiol 1,2-ethanedithiol (EDT) can be completely
deprotonated forming dithiolates on AuNPs and AgNPs, and in excess NaOH and AgNO3
solutions.
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2.2

Introduction
Para-aryl-dithiols (PADT) including 1,4- benzenedithiol (BDT), biphenyl-4,4'-

dithiol (BPDT, HS-(C6H4)2-SH), and p-terphenyl-4,4''-dithiol (TPDT, HS-(C6H4)3-SH)
have been used extensively in molecular electronics,35, 80-83 SERS,84-88 and in studying
quantum electron tunneling between plasmonic resonators.89 One popular belief is that
the PADTs form dithiolates on plasmonic gold and silver nanoparticles (AuNPs and
AgNPs) and cross-link nanoparticles (NPs) as single-molecular spacers.35, 81, 82, 85, 87, 89, 90
However, direct experimental evidence for BPDT and TPDT are, to our knowledge,
totally lacking. In the case of BDT, one key supporting evidence is that the characteristic
S-H stretch Raman peak in ~2600 cm-1 region and C-H stretch in ~3100 cm-1 in the intact
BDT becomes “invisible” when BDT is adsorbed on AuNPs and AgNPs or reacted with
NaOH.55, 90, 91 Since the C-H bonds should remain chemically intact in BDT reacted with
NaOH or adsorbed onto NPs, the most reasonable explanation for the apparent
disappearance of BDT C-H stretch feature is its low Raman activity in treated BDT. This
raises a possibility that the apparent absence of the S-H stretch peak could also be due to
low S-H Raman activity in these samples, but not to the BDT dithiolation. Indeed, our
experimental investigation and computational simulation that will be shown later in this
chapter indicate that the S-H and C-H Raman activities in PADT monothiolates are
drastically lower than that in their respective intact PADTs. Consequently, the Raman
and surface enhanced Raman spectroscopic (SERS) spectra of PADT monothiolates can
be easily misinterpreted as their respective dithiolate counterparts, if one simply relies on
the detectability of the S-H feature to deduce the degree of PADT thiolation.
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Besides the three PADTs (BDT, BPDT, and TPDT), 1,4-benzenedimethanethiol
(BDMT) and 1,2 ethanedithiol (EDT) were included as model molecules in this work.
The molecular structures of the model dithiols used in this study are shown in Figure 2.1
below. All the model dithiols share the same general structure of HS-R-SH in which the
two thiol groups are located at the distal end, but differ in the aromaticity and molecular
size in their junction R groups (Figure 2.1). Therefore, this set of model molecules
enables us to probe the effect of aromaticity as well as the size of the junction R on the
chemical reactivity of the thiol groups. For the sake of simplicity, the notation of A/B
was used to represent a two-component mixture solution of NP and dithiol.

Figure 2.1

2.3
2.3.1

Molecular structures of the model molecules used in this study.

Experimental section
Materials and equipment
All chemicals were purchased from Sigma-Aldrich. The purities of the dithiols are

BDT (97%), BPDT (95%), TPDT (96%), BDMT (98%), and EDT (≥ 98%). Water (18.2
MΩ cm) was used throughout the experiments. The RamChip slide used for the SERS
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spectral acquisition was obtained from Z&S Tech LLC. It is important to note that the
RamChip is a normal Raman substrate that is both fluorescence and Raman-background
free.92, 93 The normal Raman and SERS spectra were obtained with a Horiba LabRam
HR800 confocal Raman microscope system and a 633 nm He-Ne Raman excitation laser.
UV−visible measurements were taken using an Olis HP 8452 diode array
spectrophotometer. TEM analysis was performed on a Joel 2100 instrument.
Centrifugation was performed using a bench top Eppendorf centrifuge (model 5424).
2.3.2

Synthesis of AuNPs
AuNPs were prepared using the citrate reduction method.94 Briefly, 0.042 g of

gold(III) chloride•trihydrate was added to 150 mL of water (18.2 MΩ cm). The solution
was brought to a boil, and then 3 mL of 1% sodium citrate dihydrate was added. The
solution was kept boiling for approximately 1 h before cooling to room temperature. The
surface plasmonic peak absorbance of the as-synthesized AuNPs is at 520 nm. A TEM
image shows the particle size of in-house synthesized AuNPs is 13 ± 1.3 nm in diameter
(Figure 2.2)
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Figure 2.2

2.3.3

UV-vis spectrum and TEM image of the in-house synthesized AuNPs used
in this study.

Synthesis of AgNPs
The AgNPs have also been synthesized in-house using the Lee-Misel method.18

Briefly, 0.028 g of silver nitrate was added to 150 mL of Nanopure water, and the
solution was brought to a boil. 3 mL of 1% sodium citrate dihydrate was then added. The
solution was kept boiling for another ∼1 h before cooling to room temperature. The
surface plasmonic peak absorbance of the synthesized AgNPs is at 407 nm. The
average particle size of the as-synthesized AgNP is 50 ± 9 nm in diameter, determined by
TEM imaging (Figure 2.3).
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Figure 2.3

2.3.4

UV-vis spectrum and TEM image of the in-house synthesized AgNPs used
in this study.

PADT, BDMT, and EDT binding with AuNPs and AgNPs
The time-dependent UV-vis measurements were taken using AuNP/dithiol or

AgNP/dithiol mixtures in which the nominal concentration of the dithiol is 33 μM. The
samples were prepared by mixing 1 mL of the synthesized AuNPs or 1 mL of two times
diluted AgNPs with equal volume of water and 1 mL of dithiols. The nominal dithiol
concentrations in the samples used for the dithiol concentration dependence study are 5
μM, 10 μM, 25 μM, and 50 μM. The dithiol solutions were prepared from stock BDT (1
mM in ethanol), BDMT (1 mM in ethanol), BPDT (2 mM in 50:50 chloroform/ethanol
mixture), TPDT (400 μM in THF), and EDT (1 mM in ethanol) by further dilution with
water. The nominal concentration of AuNPs in the sample mixtures is ~ 4.3 nM. The
concentration of the AuNPs was calculated using the extinction coefficient of 2.7 ×108 M1

for 13 nm particle diameter at 520 nm and assuming the AuNPs are spherical and

monodispersed.95 Time-resolved measurements were also performed for BDMT/AuNP
and EDT/AuNP in which the nominal concentration of dithiol is 33 μM. Briefly, 1 mL of
AuNPs was mixed with an equal volume of water followed by the addition of 1 mL of
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BDMT or EDT. The mixture was stirred continuously during the time- resolved
measurement. The time-interval between consecutive spectral acquisitions is 3 seconds.
2.3.5

Transmission Electron Microscopy (TEM)
TEM images for the dithiol-treated AuNP and AgNP samples were acquired for

the washed precipitates of the mixtures after 4 d of sample incubation. Possible free
PADTs, BDMT, and EDT in the sample mixtures were removed before TEM
measurements. Since the BDMT and EDT induced spontaneous AuNP aggregation and
settlement, the free dithiols in these mixtures was removed by simply washing the
precipitates three times with Nanopure water. On the other hand, AuNPs in the PADT
mixtures were stable (no aggregation). The removal of free PADTs in these mixtures was
conducted by centrifugation followed by washing with copious amount of water. TEM
images were taken with Cu grids covered with a Formvar carbon film at an accelerating
voltage of 200 kV. The nominal concentration of PADTs, BDMT, and EDT in the
samples used for TEM imaging is 33 μM.
2.3.6

Theoretical calculation of Raman spectra of PADTs and BDMT
All the quantum calculations were performed using the Gaussian 09 suite. The

ground state structures of the PADTs or BDMT were optimized using density functional
theory (DFT) method with BP86 functional at the level of 6-311++G (d, p) basis set.
Frequency analysis was carried out and no imaginary frequencies were found, ensuring
that all of the structures were minima. The Raman spectra were calculated based on these
optimized structures using the same functional and basis set as geometry optimization.
The calculated wavenumbers in Raman spectra were not scaled by any factor.
19

2.3.7

Normal Raman and SERS measurements
All the normal Raman and SERS spectra were taken with an Olympus 10×

objective (NA = 0.25), and spectrograph grating of 300 grooves/mm. The laser intensities
before entering the sample for normal Raman spectra and SERS spectra were 13 mW and
1.3 mW respectively. The spectral integration time varied from 5 s to 500 s. The Raman
shift was calibrated with a neon lamp, and the Raman shift accuracy was ~0.5 cm−1. The
normal Raman spectra of the PADTs and BDMT were acquired using the solid powder
samples, while that for EDT was obtained with neat EDT liquid. When it was needed, 1%
KCl was used as the aggregation reagent to induce AuNP or AgNP aggregation before
the SERS acquisitions. The concentrations of dithiols in the analyte concentration
dependence SERS samples are 5 μM, 10 μM, 25 μM, and 50 μM. Normal Raman spectra
of PADTs or BDMT in basic pH were obtained for supernatant of a saturated BDT or
BDMT solution in 1 M NaOH after centrifugation at 15000 rpm for 10 min, or for molten
state reaction products of PADTs with solid NaOH.
2.3.8

Molten-state PADT reaction with solid NaOH
Small amounts (~10 mg) of the PADTs were mixed with excess solid NaOH in a

round bottom flask connected to a nitrogen flow source. The mixture of PADTs/NaOH
was heated on a hot plate set to a temperature of ~350 o C under constant nitrogen flow
for ~4 h. The resulting molten state reaction products of the PADTs were allowed to cool
at room temperature for ~6 h under constant nitrogen flow. The normal Raman spectra
were then obtained for the molten state reaction products taken from the bottom of the
flask.
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2.3.9

PADT, BDMT, and EDT reactions with AgNO3
Dithiol reaction with AgNO3 were conducted with stoichiometric ratio of

dithiol:Ag of 1:1 and 1:300 respectively. The 1:1 molar ratio PADT: AgNO3complexes
were prepared by mixing BDT (1 mM in absolute ethanol), BPDT (1 mM in
chloroform/ethanol mixture) or supernatant of saturated solution of TPDT (in THF) with
an equal volume of 1 mM AgNO3 in water. The mixtures were allowed to sit at room
temperature overnight under constant shaking. Solvent was then removed by rotary
evaporation when necessary to promote the Ag-thiolate precipitation, and the insoluble
complexes were washed with copious amount of water. Similarly, the 1:300 molar ratio
complexes were prepared by reacting appropriate volumes of the dithiol solutions with 1
M AgNO3 solution. All the Ag-thiolate complexes were washed with water and dried at
room temperature before Raman measurements.
2.4
2.4.1

Results and Discussions
PADT, BDMT, and EDT binding to AuNPs
PADTs differ drastically from BDMT and EDT in their binding with AuNPs

(Figure 2.4). The possibility that PADTs cross-link AuNPs was excluded on the basis of
UV-vis and SERS measurements of the PADT-treated AuNPs. No significant PADTinduced AuNP aggregations were observed regardless of the PADT/AuNP concentration
ratios in which the amount of PADT changes from below monolayer packing to PADT in
large excess (Figure 2.4, and Figure 2.5 and Figure 2.6). The relatively small red-shift of
the AuNP LSPR peak in the PADT treated AuNPs in comparison to that of AuNP control
is due to ligand adsorption that changes the dielectric constant of the medium
immediately surrounding the AuNPs.96-98
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Figure 2.4

Photographs of the AuNPs mixed with (A) BDT, (B) BDMT, and (C) EDT
of different concentrations after overnight incubation. (D) UV-vis spectra
of the AuNP samples shown in (A). (E) and (F) are time-resolved UV-vis
spectra of the BDMT/AuNP and EDT/AuNP mixtures respectively.

Note: The concentrations of model dithiols in vial (a)-(d) are 5 μM, 10 μM, 25 μM and
50 μM respectively. The vial labeled * is the AuNP control. The samples were prepared
by mixing 1 mL of as-synthesized AuNPs with equal volume of water and dithiol
respectively. The nominal AuNP concentration in the samples is ~4.3 nM. The dithiol
concentration in the samples for time-resolved measurements is 33 μM. Inset in (E) and
(F) is the plot of the absorbance of the AuNP LSPR at 520 nm as a function of time. The
red dot in the time course is the peak UV-vis intensity of the AuNP control.
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Figure 2.5

Time dependent UV-vis spectrum for AuNPs mixed with (A) BDT, (B)
BDMT and (C) EDT. (D-F) TEM images of AuNP/BDT, AuNP/BDMT,
and AuNP/EDT samples respectively.

Note: The concentration of dithiols in the samples used for the time dependent and TEM
measurements is 33 μM. TEM images were taken for samples after 4 days of sample
incubation.
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Figure 2.6

Photographs of the AuNPs mixed with (A) BPDT and (B) TPDT of
different concentrations after overnight incubation. (C) and (D) are time
dependent UV-vis spectra of the AuNP/BPDT and AuNP/TPDT samples
respectively. (E) and (F) are TEM images of AuNP/BPDT and
AuNP/TPDT samples respectively.

Note: The concentrations of model dithiols in vial (a)-(d) are 5 μM, 10 μM, 25 μM and
50 μM respectively. The vial labeled * is the AuNP control. The samples were prepared
by mixing 1 mL of as-synthesized AuNPs with equal volume of the dithiol solutions and
water. The dithiol concentration in the TEM and time dependent samples is 33 μM. TEM
images were obtained after 4 days of sample incubation.
In stark contrast to the experimental data obtained with PADTs, BDMT and EDT
binding with AuNPs induces immediate AuNP aggregation, and eventual AuNP
settlement to the bottom of the glass vial (Figures 2.4(B) and 2.4(C)). The AuNP
settlement is deduced from the total absence of the AuNP LSPR peak in the timeresolved UV-vis spectra taken with the BDMT/AuNP and EDT/AuNP one hour after the
sample preparation (Figures 2.4(E) and 2.4(F)). Complete AuNP aggregation and
settlement were observed in all the tested BDMT/AuNP and EDT/AuNPs mixtures. It
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should be noted that the concentration ratios in the series of PADT/AuNP samples are the
same as that in the corresponding BDMT/AuNP and EDT/AuNP samples. This result
strongly suggests that the aromaticity of junction R group in the organodithiol of HS-RSH has drastic effect on the dithiol reaction with AuNPs.
Importantly, the PADT-containing AuNPs remained stable in water (no
aggregation) for at least six months after sample preparation. Figure 2.7 below is the
photograph taken for AuNP/PADT mixtures after 6 months of sample incubation.

Figure 2.7

Photographs of AuNP/BDT, AuNP/BPDT, and AuNP/TPDT mixtures after
incubation for ~ 6 months.

Note: The nominal concentration of dithiol in the samples is 25 µM. The mixtures remain
stable even after ~6 months incubation at room temperature.
While the absence of AuNP aggregation can serve as an unequivocal evidence
that PADT did not induce AuNP cross-linking, the fact that BDMT and EDT induced
AuNP aggregation does not necessarily imply that AuNPs are cross-linked in which
BDMT or EDT acts as a single-molecule dithiolate spacer. This is because both BDMT
and EDT can adopt multiple possible structures and conformations on the AuNP surfaces.
Many ligands such as adenine and methylbenzenethiol induce rapid AuNP aggregation
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even though they are unable to induce AuNP cross-linking.99, 100 Indeed, SERS
measurements indicate that BDMT and EDT structure and conformation depends
strongly on the dithiol concentration (Figures 2.8(B) and 2.8(E), and 2.8(C) and 2.8(F)).
BDMT and EDT exist as dithiolate only when their concentrations are low. This is
evidenced by the absence of detectable S-H feature in the ~2600 cm-1 region in the
BDMT and EDT SERS spectra on AuNPs when the dithiol concentration is at ~10 µM or
lower. In this case, the two sulfurs in BDMT and EDT are either both anchored to the
same AuNP (Figures 2.9A and 2.9G) or each links to a different AuNP (Figures 2.9B and
2.9H). These two conformers may concurrently exist for sparsely packed BDMT and
EDT on AuNP surfaces. Unfortunately, it is currently impossible to pinpoint which
configuration is the dominant one.
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Figure 2.8

SERS comparison of (Left) BDT, (Middle) BDMT, and (Right) EDT
interactions with AuNPs.

Note: The SERS samples (b)-(e) have the identical composition as that shown in Figure
2.4 (a)-(d). Spectrum (a) is the normal Raman spectrum of BDT, BDMT and EDT. KCl
(1%) was used as the aggregation agent for the SERS measurements of the BDT samples.
The dotted lines from the left to right indicate expected peak positions for S-S, S-H, and
C-H features. Spectra in plots (D-F) are the same as their corresponding ones in (A-C),
but the spectral features in (D-F) were magnified in the region from 2400 cm-1 to 3200
cm-1 by the specified factors. No significant S-S formation is observed in the ~510 cm-1
region for both BDT and BDMT.
BDMT is primarily in an upright monothiolate form on AuNPs when it is densely
packed on AuNPs (Figure 2.9C). This conclusion is drawn from the presence of a
relatively strong S-H peak in the ~2600 cm-1 region and the absence of a S-S stretch
feature in the SERS spectra obtained with samples of high BDMT/AuNP concentration
ratios (Figure 2.8 (E)). If there is significant AuNP cross-linking by single-molecule
BDMT dithiolates (Figure 2.9B), those dithiolate molecules should be located in the most
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SERS active NP junctions and dominate the BDMT SERS spectra. No S-H peak would
be observable in this case. Similarly, if there is significant disulfide-formation between
BDMTs directly anchored on the same AuNPs (Figure 2.9D) or between surface
adsorbed BDMT and BDMT free in solution (Figure 2.9E), or between BDMTs adsorbed
on different AuNPs (Figure 2.9F), one should observe a relatively strong S-S peak in the
~510 cm-1 region as seen in SERS spectra obtained with densely packed EDT on AuNPs.
The latter indicates that EDT molecules are substantially disulfide-linked on the AuNPs
when excess EDT is added onto AuNPs (Figure 2.8(C) and 2.8(F)). Similar EDT
disulfide-linkage on AuNPs were reported before.54
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Figure 2.9

Possible (Top) BDMT and (bottom) EDT structures on AuNPs.

Note: (A) and (B), (G) and (H) are when BDMT and EDT are sparsely packed
respectively. (C-F) and (I-L) are when BDMT and EDT are densely packed respectively
onto AuNPs.
Such linkage can occur between two EDT molecules that are both directly
anchored on the same AuNPs (Figure 2.9J) or between surface adsorbed EDT and EDT
free in solution (Figure 2.9K), or between EDTs adsorbed on different AuNPs (Figure
2.9L).
The SERS spectra of BDT/AuNP are remarkably different from those obtained
with BDMT/AuNPs and EDT/AuNPs (Figure 2.8), which is consistent with the sharp
difference between the UV-vis spectra of BDT/AuNP samples and their BDMT/AuNPs
and EDT/AuNPs counterparts (Figure 2.4). The BDT SERS spectra on AuNPs are
entirely independent of the BDT/AuNP concentration ratio (besides the spectral signal-to29

noise ratio). There is a relatively strong S-H stretch peak (relative to the C-H stretch
feaure) in the BDT SERS spectra and no detectable S-S feature regardless of the BDT
concentration. This result shows that BDT predominaintly adopted a monothiolate form
on the AuNPs in all the samples (Figure 2.8(D)). This conclusion is in sharp contrast to
the popular belief that BDT binds as dithiolate onto AuNPs and gold electrode.35, 81, 82, 89,
90

Indeed, the relatively strong S-H and C-H stretch peaks in the normal Raman of
intact BDT become essentially “invisible” in the SERS spectra obtained with BDT
adsorbed onto AuNPs (Figure 2.8 (A)). Similar BDT SERS spectra have been reported
before.55, 90, 91 The poor detectability of the S-H was viewed as evidence of BDT
dithiolation on plasmonic NPs, while the reason for the absence of the C-H peak has not
been investigated. However, the magnified spectra clearly showed the presence of both SH and C-H peaks in the SERS spectra obtained with BDT on AuNPs (Figure 2.8 (D)).
Fruitfully, the experimental SERS spectrum is in excellent agreement with
computationally-simulated BDT monothiolate spectrum and the experimental normal
Raman spectrum of the silver BDT-monothiolate salt prepared by mixing BDT with
AgNO3 with 1:1 molar ratio (Figure 2.10).

30

Figure 2.10

(A) Computed Raman spectra (a) and experimental Raman spectra (b) of
silver-BDT monothiolate. Spectrum (c) is the SERS spectrum of BDT on
AuNPs.

Note: Plot (B) is the same as (A), but the spectral feature from 2400 cm-1 to 3200 cm-1
was magnified by factors specified in each spectrum. The molar ratio of AgNO3: BDT in
spectrum (b) is 1:1. The nominal concentration of BDT in the SERS sample is 33 μM.
BDT on AuNPs is primarily in the monothiolate form.
This allows us to conclude that BDT on AuNPs is primarily in a monothiolate
form. It also enables us to conduct peak assignments with high confidence. The peak
assignment for the PADTs is shown in Figure 2.11 below. Table 2.1 also shows the
different vibrational modes (C-H stretch, C-H bending, C-C stretch and S-H stretch)
together with their peak assignments.
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Figure 2.11

The computed normal Raman spectrum of BDT, BPDT and TPDT.

Note: The insets show the normal mode vectors. For BPDT, peak at 1581 cm-1 is
assigned for C-C stretching mode, and 2611 cm-1 is assigned for S-H stretching mode.
The vertical red lines represent the peak positions in experimental normal Raman spectra
obtained with the intact PADT solids.

32

Table 2.1

Vibrational modes and peak assignments for normal Raman spectra of
PADTs

Vibrational modes and peak assignments
BDT

BPDT

TPDT

C-H bending
(1177 cm-1)

C-H bending
(1179 cm-1)

C-H bending
(1178 cm-1)

C-C stretching
(1572 cm-1)

C-C stretching
(1581cm-1)

C-C stretching
(1581cm-1)

S-H stretching
(2611 cm-1)

S-H stretching
(2611 cm-1)

S-H stretching
(2610 cm-1)

S-H stretching
(2610 cm-1)

C-H stretching
(3086 cm-1)

C-H stretching
(3085 cm-1)

C-H stretching
(3087 cm-1)

C-H stretching
(3108 cm-1)

C-H stretching
(3109 cm-1)

C-H stretching
(3109 cm-1)
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The relative Raman activities of both C-H and S-H stretches for BPDT and TPDT
are drastically smaller than respective counterparts for BDT. This conclusion is drawn by
using the C-C stretch peak at ~1580 cm-1 as the internal reference. The experimental C-H
and C-C Raman intensity ratio decreases from 0.52 for intact BDT to 0.06 and 0.02 for
intact BPDT and TPDT respectively (Figure 2.12(A) and 2.12(C)). This is very surprising
given the fact that the number ratios of C-C versus C-H bonds are identical among these
PADT molecules. The experimental S-H and C-C Raman activity ratio, obtained by
dividing the S-H/C-C Raman intensity ratio by their chemical bond number ratio
decreases from 1.92 for intact BDT to 0.53 and 0.24 for intact BPDT and TPDT
respectively (Figure 2.12(A) and 2.12(C)). Monothiolation of the BPDT and TPDT
further reduces the C-H and S-H Raman activities. DFT calculated Raman spectra also
are in excellent agreement with the experimental counterparts (Figure 2.12). The low S-H
and C-H Raman activity in BPDT and TPDT make it exceedingly difficult for reliable
spectral acquisition and interpretation.
Like BDT, BPDT and TPDT exist primarily in their monothiolate forms on
AuNPs. This conclusion is drawn from the following experimental observations. First,
there is a small, but detectable S-H peak in the BPDT and TPDT SERS spectra magnified
in the spectral region from 2400 cm-1 to 3200 cm-1. Second, the BPDT and TPDT SERS
spectra are very similar to the Raman spectra of their respective monothiolate salt
prepared by mixing BPDT or TPDT with AgNO3 with 1:1 mole ratio (Figure 2.12(D)).
Third, the dispersion stability and SERS spectral characteristics of AuNPs functionalized
with BPDT and TPDT are similar to that for BDT- functionalized AuNPs, but differ
drastically from BDMT- and EDT-functionalized AuNPs. This result suggests that the
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BPDT and TPDT structures on AuNPs should be very similar to that for BDT, but
different from that for BDMT and EDT.

Figure 2.12

(Left) Experimental and computed Raman spectra of BDT, BPDT, and
TPDT. (Right) Experimental and computed Raman spectra of the AgBPDT and Ag-TPDT monothiolate salts, and experimental SERS spectra of
BPDT and TPDT on AuNPs.

Note: Spectra in plots (C) and (D) are the same as their corresponding ones in (A) and
(B), but the spectra in (C) and (D) were magnified in the spectral region from 2400 cm-1
to 3200 cm-1 by factors specified in each spectrum.
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This fact that BPDT and TPDT SERS spectra are independent of the ligand
concentrations (Figure 2.13) is also consistent with the conclusion that BPDT and TPDT
can only adopt a monothiolate form on AuNPs. Otherwise, no S-H peak should be
observable when low concentration BPDT and TPDT were mixed with AuNPs in which
the two thiols should be totally deprotonated as that for BDMT and EDT.

Figure 2.13

Analyte concentration dependence SERS spectra on AuNPs for (Left)
BPDT, and (Right) TPDT.

Note: The SERS samples (b)-(e) have the identical composition as that shown in (a)-(d) of Figure
2.6 (A) and (B). Spectrum (a) is the normal Raman spectrum of BPDT and TPDT. KCl (1%) was
used as the aggregation agent for the SERS measurements. The dotted lines from the left to right
indicate expected peak positions for S-S, S-H, and C-H features. No significant S-S formation is
observed in the ~520 cm-1 region for both BPDT and TPDT. Plots (C) and (D) are the same as
(A) and (B) respectively, but the spectral feature from 2400 cm-1 to 3200 cm-1 were magnified by
factors specified in each spectrum.
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2.4.2

PADT, BDMT, and EDT binding with AgNPs
Possibilities of PADT, BDMT, and EDT inducing signficant AgNP cross-linking

as single-molecular dithiolate spacers were excluded on the basis of the UV-vis and TEM
study (Figure 2.14 and Figure 2.15) and SERS spectra (Figure 2.17 and Figure 2.18).

Figure 2.14

Photographs of the AgNPs mixed with (A) BDT, (B) BDMT and (C) EDT
of different concentrations after overnight incubation. (D-F) UV-vis spectra
of the AgNP samples shown in (A), (B), and (C) respectively. (G-I) are
TEM images of the mixture obtained with AgNP mixed with BDT, BDMT
and EDT respectively.

Note: The concentrations of model dithiols in vial (a)-(d) are 5 μM, 10 μM, 25 μM and
50 μM respectively. The vial labeled * is the AgNP control. The nominal concentration
of dithiols in the TEM samples is 33 μM. TEM images were taken after 4 days of sample
incubation. The scale bars in the TEM images are 50 nm.
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Figure 2.15

Photographs of the AgNPs mixed with (A) BPDT and (B) TPDT of
different concentrations. (C) and (D) are TEM images of AgNP/BPDT and
AgNP/TPDT samples respectively.

Note: The concentrations of model dithiols in vial (a)-(d) are 5 μM, 10 μM, 25 μM and
50 μM respectively. The vial labeled * is the AgNP control. The samples were prepared
by mixing 1 mL of two-times diluted AgNPs with equal volume of water and dithiol. The
dithiol concentration in the TEM samples is 33 μM. TEM images were obtained after 4
days of sample incubation.

These dithiol binding to AgNPs are remarkably different from their binding to
AuNPs. First, the AgNPs mixed with these dithiols are highly stable (no aggregation) in
the freshly prepared dithiol/AgNP mixtures. With the only exception of EDT at low
concentration, no significant AgNP aggregations were oberved in one day after the
sample preparation (Figure 2.14). However, precipitates appeared in all the samples after
six months of the sample incubation under ambient conditions (Figure 2.16). This is in
sharp contrast to their binding to AuNPs in which AuNPs in PADT containing solution
are entirely stable, but BDMT and EDT induces immediate AuNP aggregation and
settlement (Figure 2.4, 2.5, and 2.6).

38

Figure 2.16

Photographs of BDT/AgNP, BDMT/AgNP, and EDT/AgNP mixtures after
long term incubation (~ 6 months).

Note: The nominal concentration of dithiol in the samples is 25 µM.
TEM images obtained with the centrifuged precipitates of the four-day aged
dithiol/AgNP samples showed that besides AgNPs, there are relatively large amount of
insoluble amorphous material that coprecipitate with AgNPs (Figure 2.14 and Figure
2.15). Similar insoluble precipitates are presumably the Ag-PADT, Ag-BDMT, and AgEDT salts. It is noted that the AgNPs used in Figure 2.14 are the same for all the dithiols.
Therefore, the more significant AgNP disintegration in BDMT/AgNP and EDT/AgNP
samples than that in BDT/AgNP suggests that the two nonaromatic dithiols are more
reactive than BDT with AgNPs (Figure 2.14).
The TEM images obtained with the AgNP samples are in stark contrast to that
obtained with PADT-, BDMT-, and EDT-treated AuNPs in which no AuNP
morphological changes were found (Figure 2.5 and Figure 2.6). These difference
provides further supporting evidence of recent reports that organothiol bindings to
AgNPs can be drastically different from that to AuNPs.101-105 Mechanistic study revealed
that the organothiol binding to AuNPs occurs by releasing the sulfur-bound hydrogen
atoms as protons, thereby the organothiol is in thiolate form on AuNPs.101 In contrast,
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organothiol interacting with AgNPs proceeds by converting the surface silver oxide and
surface silver atom into silver thiolate salt.102 The formation of the silver thiolate salt
layer on AgNPs exclude the possiblity for the dithiols to cross-link two AgNP as
monolayer dithiolate linker.87-89
The SERS spectra of PADTs on AgNPs (Figures 2.17(A) and 2.17(D)) and Figure
2.18) are highly similar to that obtained with the PADTs on AuNPs. There is also a
relatively intense S-H stretch peaks in comparision to the C-H stretch peak regardless of
the PADT/AgNP concentration.
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Figure 2.17

SERS comparison of (Left) BDT, (Middle) BDMT, and (Right) EDT
interactions with AgNPs.

Note: The SERS samples (b)-(e) have the identical composition as that shown in Figure
2.14(a)-(d). Spectrum (a) in the plots is the normal Raman spectrum of BDT, BDMT, and
EDT. KCl (1%) was used as the aggregation agent for the SERS measurements. The
dotted lines from the left to right indicate expected peak positions for S-S, S-H, and C-H
features. Spectra in plots (D-F) are the same as their corresponding ones in (A-C), but the
spectral feature in (D-F) were magnified in the region from 2400 cm-1 to 3200 cm-1 by the
specified factors. No significant S-S formation is observed in the ~510 cm-1 region for
BDT, BDMT, and EDT.
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Figure 2.18

Analyte concentration dependence SERS spectra for (Left) BPDT, and
(Right) TPDT on AgNPs.

Note: The SERS samples (b)-(e) have the identical composition as that shown in (a)-(d)
of Figure 2.15. Spectrum (a) is the normal Raman spectrum of BPDT and TPDT. KCl
(1%) was used as the aggregation agent for the SERS measurements. The dotted lines
from the left to right indicate expected peak positions for S-S, S-H, and C-H features. No
significant S-S formation is observed in the ~520 cm-1 region for both BPDT and TPDT.
Plots (C) and (D) are the same as (A) and (B) respectively, but the spectral feature from
2400 cm-1 to 3200 cm-1 was magnified by factors specified in each spectrum.
This result indicates that the PADTs exist primarily in monthiolate form on
AgNP. However, BDMT and EDT are predominantly in dithiolate form on AgNPs. No SH or S-S features are observed in the SERS spectra of BDMT and EDT on AgNPs
regardless of the BDMT/AgNP or EDT/AgNP concentration ratio investigated. These
results indicate that the two thiols in both EDT and BDMT are both reactive to AgNPs or
the silver ion derived from the AgNPs, but only one PADT thiol can react with AgNPs.
42

PADTs also differ significantly from BDMT and EDT in their reactions with
AgNO3 and NaOH. Only one PADT thiol is deprotonated even when PADT is treated
with 300 times excess AgNO3, with concentrated NaOH or solid NaOH (Figure 2.19). In
contrast, complete thiol deprotonation is observed when BDMT and EDT are treated with
excess NaOH and AgNO3 (Figure 2.20).
The fact that only one PADT thiol can be deprotonated strongly suggest the
chemical reactivity of the first and second PADT thiol are drastically different. In
contrast, the chemical reactivity between the two thiols in BDMT and EDT are much
more similar. These results indicate that the aromaticity of the junction R group is very
critical in defining thiol reactivity difference in the organodithiols. When one PADT thiol
is deprotonated, the negative charge on the sulfide group is delocalized through the
aromatic benzyl ring(s) to the sulfur in the remaining thiol. This can increase the sulfur
alkalinity in the second thiol group, making it difficult for the remaining PADT thiol to
be deprotonated. In contrast, the two nonconducting methylene groups between the two
thiols in BDMT and EDT prohibit effective charge transfer from sulfide to thiol.
Therefore, deprotonation of one BDMT or EDT thiol has no significant effect on the
reactivity of the second thiol. Consequently, the two BDMT thiols have similar chemical
reactivities.
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Figure 2.19

(A) Raman spectra of silver-PADT momothiolates where the mole ratio of
silver: PADT is 300:1 for (a) BDT, (b) BPDT and (c) TPDT. (B) Raman
spectra obtained with (a) molten BDT reacted with solid NaOH, (b) BDT in
1 M NaOH (c) BPDT, and (d) TPDT reaction products with excess NaOH.

Note: The molten state reactions were carried out as described in the experimental section
of this chapter. (C) and (D) are the same spectra as in (A) and (B), but the spectral
features from 2400 cm-1 to 3200 cm-1 were magnified by factors specified in each
spectrum.
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Figure 2.20

Raman spectra of (A) EDT and (B) BDMT in 1 M NaOH and in excess
AgNO3.

Note: spectra (b) was obtained in 1 M NaOH and spectra (c) is for silver-BDMT or
silver-EDT complexes where the mole ratio of silver : dithiol is 300:1. Raman spectra of
the dithiols were obtained with EDT (116 mM) in 1M NaOH or supernatant of a
saturated solution of BDMT in 1 M NaOH.
2.5

Conclusion
In summary, PADT, BDMT, and EDT interactions with AgNPs and AuNPs were

studied using combination of UV-vis, TEM, and SERS. No PADT-induced AuNP or
AgNP cross-linking were observed under any of the investigated experimental
conditions. The SERS measurements revealed that PADTs on AuNPs and AgNPs exist
predominantly as monothiolates, but not dithiolates as believed in literature. Appreciable
dithiolation of BDMT and EDT only appeared on AuNPs when the dithiol concentrations
are low. Even under such conditions, the possiblibity for these dithiols to cross-link two
AuNPs as single-molecular dithiolate spacers is likely low. This is because the two
BDMT and EDT thiol groups are more likely attached to the same AuNP, instead of
bridging two different AuNPs. The latter processs is likely kinetically less favorable than
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the former because of the low AuNP concentration (~ nM) used in typical AuNP binding
experiments. The findings and insights provided in this work should be important for a
wide range of plasmonic NP studies where organodithiol and SERS measurements are
commonly involved.

Notes: This work has been previously published: Gadogbe, M.; Chen, M.; Zhao, X.;
Saebo, S.; Beard, D. J.; Zhang, D., Can Para-Aryl-Dithiols Cross-Link Two Plasmonic
Noble Nanoparticles as Monolayer Dithiolate Spacers? J. Phys. Chem. C 2015, 119,
6626-6633.
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CHAPTER III
STRUCTURES AND CONFORMATIONS OF ALKANEDITHIOLS ON GOLD AND
SILVER NANOPARTICLES IN WATER
(Published in J. Phys. Chem. C 2015, 119, 18414-18421)
3.1

Abstract
Organodithiols with two distal thiols have been used extensively in gold and

silver nanoparticle (AuNP and AgNP) applications. However, understanding the
structures and conformations of organodithiols on these nanoparticles (NPs) is
challenging. Reported in this work is a combined surface enhanced Raman spectroscopy
(SERS), transmission electron microscopy (TEM), inductively-coupled plasma massspectrometry (ICP-MS), and localized surface plasmonic resonance (LSPR) study of α,ωalkanedithiol (ADT, (HS-(CH2)n-SH, n = 2, 4, and 6) interactions with AuNPs and
AgNPs in water. These complementary techniques revealed a series of new insights that
would not be possible using individual methods. A large-fraction of ADTs lies flat on
AuNP surfaces. The upright ADTs are dimerized horizontally through disulfide-bond, or
remain as monothiolates on the AuNP surfaces. Possibility of significant amount of
vertically disulfide-linked organodithiol on the surface is excluded on the basis of ICPMS and AuNP LSPR experiments. ADTs induced significant AgNP disintegrations in
which ADTs are predominantly in dithiolate forms. This work highlights the
extraordinary complexity of organodithiol interactions with plasmonic NPs. The insights
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provided in this work will be important for enhancing fundamental understanding of the
structure and properties of organodithiol-functionalized AgNPs and AuNPs.
3.2

Introduction
Organodithiols (HS-R-SH) with two distal thiol groups have been used as

molecular linkers (spacers) in quantum plasmon coupling between nanoparticles
(NPs),106-108 molecular electronics,34, 109-111 and SERS.36, 112 While it is generally assumed
that organodithiols exist as dithiolates on plasmonic AuNPs and AgNPs that bridges two
AuNPs or electrodes as a single molecular linker,34, 106, 107, 110 conclusions from studies on
the organodithiol structure and conformation on AuNPs and AgNPs have been highly
controversial. For example, Joo et al proposed that oligomerized dithiols, not dithiol
monomers, bridge two plasmonic NPs.54, 113 This conclusion is drawn from the
appearance of a significant S-S feature in the SERS spectra obtained with 1,2ethanedithiol (EDT) and 1,3-propanedithiol (PrDT) on AuNPs. More recently, we
demonstrated (as discussed in chapter two) that para-aryl-dithiols (PADT; HS-(C6H4)nSH, n=1,2,3) exist predominantly as monothiolates even in strongly basic solutions (2 M
NaOH) and on both AuNPs and AgNPs in water.114 This conclusion is drawn from the
Raman- and SERS-based pH titration study in which the S-H stretch Raman feature
remain present in the Raman spectra obtained with basic PADT solutions and SERS
samples.
Studying the organothiol binding with colloidal AuNPs and AgNPs is
challenging. While there are extensive reports on the organothiol or dithiol interactions
with planar gold and silver film, many of these studies were performed under inert
environments or organic solvents.39, 42, 43, 115-121 Extrapolating what has been observed on
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the planar gold and silver surfaces to aqueous AuNPs and AgNPs can be problematic
because of the complications in the metal structure and solvent polarity in the latter
samples. For example, long-chain 1-alkanethiols are highly ordered on planar gold and
silver films,21, 24, 122 but they are mostly disordered on AuNPs.123 The disorder is due most
likely to the AuNP surface curvatures and defects. In contrast, the same 1-alkanethiols on
AgNPs can be highly ordered. The latter was attributed to the mobility of the surface
silver atoms.123 Another complication in studying the organothiol interaction with
plasmonic NPs is that organothiol can induce spontaneous AuNP and AgNP
aggregations. The interplay of ligand adsorption and NP aggregation can cause structure
and conformational heterogeneity of organothiols on the AuNP surfaces. This can be
especially true for organodithiol interactions with AuNPs and AgNPs. Unlike monothiols
that bind to AuNPs as monothiolates by releasing its sulfur-bound hydrogen as proton,101
organodithiol binding to NPs is much more complicated. It can bind as a monomer on the
same NP in both monothiolate and dithiolate forms (Figure 3.1(A)), or as a dithiolate
monomer bridging two AuNPs (Figure 3.1(B)). The adsorbed dithiol can also be joined to
each other through disulfide bond formation (Figures 3.1(C) and 3.1(D)). These disulfidelinked dithiols can be formed horizontally (intralayer) between two dithiols which are
both linked to the same NPs, or vertically (interlayer) between an organodithiol anchored
on the NP surface and others extending into solution (Figure 3.1(C)). Finally, the
disulfide-linked oligomer’s terminal sulfur atoms can bridge two NPs (Figure 3.1(D)).
Imaginably, the interplay of the ligand adsorption and NP aggregation events likely plays
significant role on the structural and conformational distribution of the organodithiols on
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the NP surfaces. This is because aggregation can limit the accessibility of AuNPs and the
surface adsorbed thiols.

Figure 3.1

Possible structures and conformations of ADTs on AuNPs

SERS have been used extensively for studying the organothiol interactions on
plasmonic AuNPs and AgNPs.124, 125 The apparent absence of characteristic S-H
stretching features in the organothiol SERS spectra was often viewed as the evidence for
organothiol thiolation.55, 90, 91 This interpretation can be problematic for organodithiols as
has been shown with Raman and SERS study of PADTs in chapter two. Both
experimental and computational investigations revealed that deprotonation of one PADT
thiol drastically reduces the Raman activity of the remaining thiol making it very easy to
misinterpret the PADT monothiolate as dithiolate. Furthermore, SERS can be a highly
biased method in that the obtained SERS signal is dominated by molecules that are
located in the NP region of highest SERS activity and by the molecules that have high
50

Raman activity. Therefore, SERS alone is inadequate for providing comprehensive
picture of structure and conformation of organodithiols adsorbed onto the NP surface.
The goal of this current study is to determine the structure and compositions of
the ADTs adsorbed onto AuNPs and AgNPs in water, using a combination of SERS, ICPMS, TEM, UV-vis LSPR measurements, and computational simulations. These multiinstrumental analyses offered a series of new insights that would not otherwise be
attainable with any of the individual techniques. The model ADTs used in this work are
1,2-ethanedithiol (EDT), 1,4-butanedithiol (BuDT), and 1,6-hexanedithiol (HDT).
Alkylmonothiols (AMTs) with the same carbon chain lengths (CH3 (CH)n-SH, n=1, 3, 5)
as the model ADTs were also employed as controls in our LSPR study.
3.3
3.3.1

Experimental section
Materials and equipment
All chemicals were purchased from Sigma-Aldrich. ADTs, AMTs,

mercaptoethanol (ME), and disulfide linked mercaptoethanol (2-hydroxyethyldisulfide,
(HED)) were purchased and used as received within four months of purchase. The
reagent purity are all 95% or above. Nanopure water was used throughout the
experiments. The normal Raman and SERS spectra were obtained with a Horiba LabRam
HR800 confocal Raman microscope system and a 633 nm Raman excitation laser.
UV−visible measurements were taken using an Olis HP 8452 diode array
spectrophotometer. TEM analysis was performed on a Joel 2100 instrument. ICP-MS
measurements were done using PerkinElmer ELAN DRC II instrument equipped with a
dynamic reaction cell (DRC).
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3.3.2

AgNP and AuNP synthesis
AuNP and AgNP synthesis was done using the same citrate reduction methods

described in the experimental section of chapter two.18, 94
3.3.3

Normal Raman and SERS analysis
All the normal Raman and SERS spectra were taken with an Olympus 10×

objective (NA = 0.25) and spectrograph grating of 300 grooves/mm. The laser intensity
before entering the sample for normal Raman spectra and SERS spectra were 13 and 1.3
mW respectively. The spectral integration time varied from 5 to 50 s. The Raman shift
was calibrated with a neon lamp, and the Raman shift accuracy was ∼0.5 cm -1. The
normal Raman spectra of the ADTs were acquired using the neat liquid samples. The
ADT solutions were prepared from stock (1 mM in ethanol) by serial dilution with water.
3.3.4

pH changes induced by ADT adsorption onto AuNPs
Molecular adsorbates such as citrate ions on AuNP can interfere with the

detection of pH change associated with ADT adsorption onto the AuNPs. These
adsorbates were removed through combination of KCl-induced AuNP aggregation
followed by washing with water. Briefly, KCl (0.4 g) was added to 40 mL of the assynthesized AuNPs to induce aggregation. The supernatant was removed and the AuNP
aggregates were washed 6 times, each with 40 mL of water until the pH of the washing
solution is constant. The AuNP aggregates were transferred into 2 mL Eppendorff tube
and all the supernatant removed. 1 mL of 1 mM BuDT in 50% ethanol was added to the
aggregates and vortexed. The pH of the supernatant on the AuNP aggregate was
monitored over time. The pH of 1 mM BuDT in 50% ethanol was also taken as control.
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3.3.5

ICP-MS measurement of S/Au ratio
The S/Au ratio for the AuNP/ADT or AuNP/AMT aggregates was determined

using ICP-MS. Briefly, excess ADT or AMT was added to the AuNP solutions. The
mixtures were left overnight to allow AuNP aggregation and settling. The ADT- and
AMT-containing NP solutions were then split into two equal volume fractions in which
only the bottom fraction contains NPs. An equal volume of aqua regia was added to both
fractions to digest the NPs. The digestion solutions were further diluted with Nanopure
water prior to the MS analysis. The amount of ADT or AMT adsorbed onto the NPs was
determined on the basis of the difference in the sulfur content between the top and bottom
fractions. The sulfur concentrations were analyzed using ICP-MS in the DRC mode. A
calibration curve for sulfur content from 0 to 1750 ppb was established for ICP-MS
analysis using zinc sulfate as standard. The Au content in the solution was also analyzed
in the standard mode. A calibration curve for the Au analysis from 0 to 39400 ppt was
constructed using a ICP-MS Au standard obtained from Sigma Aldrich.
3.3.6

UV-vis measurements of the AuNP LSPR
The time-resolved UV-vis measurements were performed to study the AuNP

LSPR shift associated with ADT- and AMT-induced AuNP aggregations. Briefly, 1 mL
of AuNPs was mixed with equal volume of water followed by the addition of 1 mL 0.1
mM of ADT or AMT. The mixtures were stirred continuously during the time-resolved
measurements. The time-interval between consecutive spectral acquisitions was 1 min.
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3.3.7

TEM analysis
The TEM images for the ADT-containing AuNP and AgNP aggregates were

acquired for the precipitates in AuNP/ADT and AgNP/ADT mixtures after 4 days of
sample incubation. Possible free ADT in the sample mixtures was removed before TEM
measurements by washing the precipitates three times with Nanopure water. TEM images
were taken with Cu grids covered with a Formvar carbon film at an accelerating voltage
of 200 kV. The nominal concentration of ADT in the samples used for TEM imaging was
33 μM.
3.3.8

Computed Raman spectra of intact EDT and EDT monothiolate
All the quantum calculations were performed by Gaussian 09 suite. The ground

state structures of the EDT were optimized using density functional theory (DFT) method
with BP86 functional at the level of 6-311++G (d, p) basis set. Frequency analysis was
carried out and no imaginary frequencies were found, ensuring that all of the structures
were stable. The Raman spectra were calculated based on these optimized structures
using the same functional and basis set as geometry optimization. The calculated
wavenumbers in Raman spectra were not scaled by any factor. The Raman intensity ratio
of S-H stretch (~ 2590 cm-1) to C-C stretch (~ 1275 cm-1) in the computed spectrum
reduces from 12 for intact EDT to 3.0 for EDT monothiolate, indicating that the relative
Raman activity of the remaining S-H in the EDT monothiolate is only 2 times lower than
that of the average S-H Raman activity in intact EDT.
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3.3.9

Computational modeling of LSPR of AuNP aggregates as a function of
AuNP gap sizes.
The T-matrix method was used to calculate the extinction spectra of AuNP

aggregates with different spacing between AuNPs.126 In the calculations, the coordinates
of the AuNPs were generated using Monte Carlo method. The first particle was placed at
the origin of the coordinate, the following particle coordinates are generated using Monte
Carlo method and their distance with the previous particles are kept above a fixed
minimum value. For example, if the minimum distance was fixed at 1.4 nm, the distance
between the first and the second particle is 1.4 nm, the distance between nth and (n+1)th
particles is also kept at 1.4 nm, however, the distances between (n+1)th particle with all
other particles are always over 1.4 nm so that the generated aggregate is similar to the
experimentally generated amorphous structure. Once the coordinates of particles were
generated, their interaction and extinction spectra were calculated using T-matrix method.
In the simulations, the distance was varied from 1.4 nm to 4.28 nm. In the experiments,
the diameter of the particles is 13 nm, over several thousands of particles were required to
simulate the comparable size of the aggregate which is not affordable using our computer
resource. We used particles with diameter of 50 nm to show the trend in the spectra
change when the interparticle distance is changed. Only 50 particles are required to
generate extinction spectra with resonance wavelength ranging from 700-800 nm.
3.4
3.4.1

Results and discussion
ADT binding with AuNPs
Addition of the ADTs into the aqueous AuNPs induces immediate AuNP

aggregation and complete settling after ~2 h of sample incubation (Figure 3.2). This
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occurred even when the nominal ADT concentrations in the AuNP/ADT solution were as
low as 3 µM. This value is far below the threshold concentration of ~10 µM for ADT to
form a full monolayer packing capacity on the AuNPs. This threshold concentration was
estimated by assuming the AuNPs are perfectly monodispersed with diameter of ~13 nm,
spherical, and the full monolayer ADT packing density is similar for the reported
alkanethiols on planar gold film (0.77 nmol/cm2).127

Figure 3.2

(Upper row) Photographs of AuNP/ADT mixtures with different
concentrations of ADTs after 2 h of sample incubation. (Bottom row)
Representative SERS spectra of samples shown in the photograph for (A)
EDT, (B) BuDT, and (C) HDT on AuNPs.

Note: The nominal concentrations of ADTs in sample (a)-(e) are 3 µM, 10 µM, 25 µM,
50 µM, and 250 µM respectively. The concentration of AuNPs in the samples is ~4 nM.
The concentration of the AuNPs was estimated using the extinction coefficient of 2.7
×108 M-1 for 13 ±1.3 nm particle diameter, assuming the AuNPs are monodispersed. The
AuNP size was obtained from an average size of 56 particles. The SERS spectral features
in the region from 2400 cm-1 to 3100 cm-1 are magnified by the specified factors. The
dotted lines in (A-C) indicate the expected positions for S-S and S-H peaks.
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SERS spectra obtained with the aggregated AuNPs revealed that the degree of
ADT thiolation and disulfide formation on AuNPs depends not only on the ADT
concentrations, but also the ADT carbon-chain length. At submonolayer concentrations,
the ADTs exist predominantly as dithiolate forms on AuNPs. The S-H stretching feature
in the ~2600 cm-1 region that is prominent in the ADT normal Raman spectra entirely
disappeared in the samples containing 3 µM ADTs. However, when the ADT
concentrations approach, are equal to or higher than 10 µM, both disulfide stretching (SS, ~505 cm-1) and S-H stretching features appeared in the ADT SERS spectra. pH
measurement confirms that protons were released when ADT binds to AuNPs. The pH of
supernatant of the AuNP/BuDT aggregate changes from 6.09 to 4.38 after BuDT
adsorption (Table 3.1). This is consistent with the conclusion that organothiols bind to
AuNPs primarily as thiolates by releasing the sulfur-bound hydrogen as a proton.101
Table 3.1

pH of supernatant of AuNP/BuDT aggregate during BuDT adsorption

Time (min)
pH of supernatant
0 (control)
6.09
5
4.40
15
4.38
30
4.38
1440
4.38
pH of 1 mM BuDT in 50% ethanol (control) is 6.09

Importantly, using the detectability of S-H SERS feature to gauge the degree of
ADT thiolation was validated with computational modeling. The modeling indicates that
deprotonation of one ADT thiol has no significant impact on Raman activity of its
remaining thiol relative to other spectral feature such as C-C stretching feature in the
~1275 cm-1 region (Figure 3.3).
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Figure 3.3

Experimental Normal Raman spectra of intact EDT, and computed Raman
spectra of intact EDT and EDT monothiolate.

The experimental normal Raman spectrum was acquired with neat EDT. The dotted lines
from left to right are the peak positions for C-C stretch (νC-C) and S-H stretch (νS-H)
respectively.
This is in sharp contrast to PADTs (discussed in chapter two) for which
deprotonation of the first one thiol drastically reduces the Raman activity of the
remaining thiols.114 Taking the experimental spectrum of 1,4-benzenedithiol (BDT), the
simplest PADT, as an example, deprotonation of one BDT thiol reduces the Raman
activity of its remaining thiol by ~50 times relative to the BDT C-C stretching feature.
This difference between ADT and PADT indicates the critical importance of the junction
R group on the chemical reactivity between the first and second thiol in organodithiols
(HS-R-SH).
The Raman intensity ratio between the S-S and S-H features can be used for
estimating the concentration ratio of distal thiols of ADTs on AuNPs that are disulfidelinked or remains as intact thiol group, assuming the SERS enhancements experienced by
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these two functional groups are the same. The normal Raman cross-section ratio between
S-S and S-H is 1.66, which is determined on the basis of Raman spectra of HED and

 S513
S
mercaptoethanol itself (Figure 3.4). The normal Raman cross section ratio ( 2586
) is
 S H
determined using the equation below (3.1)

 S513
I S513
C
S
S

 ME
2586
2586
 S H I S H CHED

(3.1)

2586
Where I S513
 S and I S  H are the Raman intensities of HED and ME peaks at ~513 cm

1

and ~ 2586 cm-1 respectively in Figure 3.4 (a) and (b) respectively. CHED and CME are

the concentrations of HED and ME in the sample mixtures shown in Figure 3.4 (a) and
(b) respectively.

Figure 3.4

Normal Raman spectra of (a) HED/ Na2SO4 and (b) ME/ Na2SO4 mixture.

Note: Na2SO4 was used as internal reference and the peak for SO42- at ~983 cm-1 is
normalized in both spectra. The nominal concentration of HED and ME in the mixtures is
150 mM. The dotted lines from left to right in the plot represent the peak positions for SS and S-H respectively.
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Using the SERS spectrum (e) shown in Figures 3.2 (A), 3.2 (B), and 3.2 (C), the
estimated number of S-S is 34, 1.6, and 1 times that of S-H bonds in EDT, BuDT, and
HDT on AuNPs, respectively. This result indicates that the distal thiols in EDT are
drastically more extensively disulfide-linked than those in both BuDT and HDT. Indeed
the S-H features are barely visible in the EDT SERS spectra, but much more prominent in
the equally magnified BuDT and HDT SERS spectra.
The disulfide bonds observed in the ADT SERS spectra on AuNPs are formed
after ADT were adsorbed onto AuNPs. No detectable S-S Raman features were observed
in any of as-received ADTs (Figure 3.2). Indeed, if those disulfide bonds in the SERS
samples are from the disulfide-linked ADT impurities in the as-received reagents, the
amount of the S-S is likely independent of the ADT carbon-chain length. Presumably, the
carbon-chain length should not have a significant effect on the reaction kinetics of the
ADT disulfide formation reactions in solution.

Figure 3.5

Possible structures of the disulfide-linked ADT on AuNPs.
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Monothiols on planar gold film were proposed to form disulfide-linking between
the sulfur atoms at the gold and thiol interfaces.128 This raises the possibility that
disulfide bonds seen for the ADTs on AuNPs (Figure 3.2) are formed between the thiols that are the thiols at the AuNP/ligand interfaces (Figure 3.5A). This possibility was
excluded on the extensive SERS studies of monothiol adsorption onto AuNPs in which
no S-S stretching features have been observed.31, 123, 129 This configuration also does not
agree with the observation of a control experiment conducted with HED on AuNPs. No
S-S stretching SERS feature was observed when HED was adsorbed onto AuNPs despite
the strong S-S Raman intensity in the HED normal Raman spectrum (Figure 3.6). These
experimental data confirmed that the disulfide observed for ADTs on AuNPs is formed
exclusively from the distal thiol group of the ADT anchored on AuNPs, but not the thiol shown in Figure 3.5A.
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Figure 3.6

(a, c) Normal Raman spectra of HED and ME respectively, and (b,c) their
SERS spectra on AuNPs respectively.

Note: The nominal concentration of HED and ME in the SERS samples is 33 µM. The
normal Raman spectra were obtained for the neat samples. The dotted line in the plot
represents the peak position for S-S. SERS results show that HED adsorbs dissociatively
through breaking of the S-S bond as evidenced by the close resemblance of the
AuNP/ME and AuNP/HED SERS spectra.
There are four possible configurations for the disulfide bonds formed by the distal
ADT thiols (Figures 3.5(B) to 3.5(E)). i) intralayer (horizontal) coupling between the
two ω-thiols on two adjacent ADT molecules adsorbed on the same NPs (Figure 3.5B),
ii) vertical coupling between two ω-thiols each in a ADT molecule that is attached to a
different AuNP (Figure 3.5C), iii) S-S formation through interlayer coupling between the
ω-thiol of the ADT directly anchored on the AuNPs and an -SH of ADT free in solution
(Figure 3.5D), iv) S-S formation in oligomerized or polymerized ADTs that crosslink two
NPs (Figure 3.5E). Much experimental evidence supports the hypothesis that formation
of the disulfide linkage proceeds primarily through intralayer coupling (Figure 3.5B), but
not through the interlayer-linking as suggested by Joo et al.54 ICP-MS comparison of the
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sulfur attached to AuNP in EDT-, BuDT-, HDT-containing AuNP aggregates after
overnight sample incubation is 1.0 ± 0.1, 0.8 ± 0.1, 0.60 ± 0.02 times of that attached to
the monothiol 1-butanethiol (BuT) functionalized AuNP aggregate (Table 3.2).
Table 3.2

Comparison of S/Au ratio of BuT/AuNP, EDT/AuNP, BuDT/AuNP, and
HDT/AuNP determined using ICP-MS.

Sample
AuNP/BuT
AuNP/EDT
AuNP/BuDT
AuNP/HDT

S/Au
0.05 ± 0.001
0.05 ± 0.007
0.04 ± 0.004
0.03 ± 0.001

S/Au / (S/Au) BuT
1 ± 0.03
1 ± 0.1
0.8 ± 0.1
0.6 ± 0.02

The S/Au ratio should be significantly higher for the ADT-containing AuNPs than
that for BuT-containing AuNPs if there is substantial vertically disulfide-linked ADT on
AuNPs. This is because BuT contain one sulfur and can bind only as a monolayer onto
AuNPs.
The intralayer cross-linking hypothesis is also supported by rapid formation
kinetics of S-S bond when EDT was added into the aqueous AuNP. An intense S-S
stretching SERS feature was observed within the first ~10 min of the sample mixing,
which is the measurement dead time for the first SERS acquisition (Figure 3.7). This is
exceedingly fast considering the fact that only 10 µM EDT was added into the AuNP
solution. Such rapid S-S formation is too fast for the vertical sulfide bond formation that
occurs between a EDT molecule anchored on the AuNPs and one remaining free in
solution. First, the diffusion coefficient of the AuNPs together with the surface adsorbate
should be very slow, that reduces the reaction between EDT on AuNPs and that in
solution. Second, the nominal EDT and AuNP concentrations in the EDT/AuNP solutions
are 10 µM and 4 nM, respectively. Such concentrations are exceedingly low for effective
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S-S formation between EDT on AuNP and that in solution. Indeed, the average actual
EDT and AuNP concentrations during the EDT adsorption process in the EDT/AuNP
solution must be significantly lower than their respective nominal concentrations due to
the ligand adsorption and AuNP aggregations. Compared to the disulfide bonding
between a EDT molecule on AuNP and one in solution, EDT binding to AuNP is much
faster because of the large number of surface gold atoms.

Figure 3.7

(A) Time dependent SERS spectra of AuNP/EDT. (B) Plot of the intensity
ratio of S-S to C-H bending as a function of time.

Note: The nominal concentration of EDT in the samples is 10 µM. The error bars
represent one standard deviation from three independent measurements.
Two reasons can explain why EDTs anchored on AuNP can rapidly form
intralayer disulfide cross-linking among themselves. The first is that ligand adsorption
rapidly increases the EDT local concentration on the AuNP surface. This concentrating
process reduces the rate of vertical EDT disulfide formation, but enhances the rate of
intralayer disulfide-bond formation. Secondly, all the EDTs anchored perpendicular to
AuNP surfaces have their distal end thiol groups confined in close proximity. This
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facilitates intralayer disulfide formation among the ADTs, as long as the distal thiols are
close enough to covalently bond.
The ICP-MS comparison of S/Au ratio of ADT-functionalized AuNPs with that
for the BuT-functionalized AuNPs is revealing. The S/Au ratio for the ADTfunctionalized AuNP should be approximately twice of that for BuT-functionalized
AuNPs if all ADTs bind vertically as a monolayer onto AuNPs, regardless of the ADT
carbon-chain lengths. On the other hand, the S/Au ratios of the ADT-functionalized
AuNPs are carbon-chain length dependent if these ADTs lie flat on the AuNPs. The S/Au
ratio of EDT-, BuDT-, and HDT-containing AuNPs should be 1/4, 1/6, and 1/8 times that
of BuT-containing AuNPs, respectively, assuming that all ADTs are lying flat in a fully
extended conformation. The fact that experimental S/Au ratio are between the predicted
values for the vertically and flat-lying ADTs indicates that ADTs on AuNPs are mixture
of flatly and vertically bounded ones. The vertical ADTs are responsible for the S-S and
S-H stretching features seen in ADT SERS spectra. Unfortunately it is currently
impossible to quantify the fraction of the ADTs that are lying flat or standing up.
One common assumption in ADT molecular electronics, SERS, and quantum
plasmonic coupling applications is that ADTs bridge two plasmonic nanoparticles via
dithiolate-linking in which each sulfur is attached to a different NP. While such
conformation is clearly achievable with a carefully controlled sequential ADT and AuNP
assembly process as it has recently been demonstrated by Yoon et al,106, 108 cross-linking
two NPs simply by mixing ADT with AuNPs or AgNP is difficult to be achieved and
verified. Indeed, experimental determination of the structure of molecules located at NP
junctions is challenging. This is because the number of the molecules that actually define
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the NP junction size between two adjacent NPs in NP aggregates is very small in
comparison to the total number of ADT molecules adsorbed onto the AuNP surrounding
areas. In this work, the NP gap size and the structure of ADT junction molecule in the
ADT-containing AuNP aggregates is probed by cross-comparing AuNP LSPR peak shifts
associated with the AuNP aggregation triggered by ADTs with the corresponding peak
shifts caused by AMTs that have the same carbon-chain length (Figure 3.8).
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Figure 3.8

Time-resolved UV-vis spectra of (A-C) ADTs and (D-F) AMT on ~13 nm
AuNPs. (G, H) Plot of maximum wavelength as a function of time for
AuNP/ADTs and AuNP/AMTs respectively. (I) Plot of wavelength shift
(Δλ) as a function of the number of carbon chains for dithiols and
monothiols.

Note: The final nominal concentration of organothiols in the sample mixtures is 33 µM.
The final concentration of the ~13 nm AuNPs in the sample mixtures is ~ 4 nM. The
concentration of the AuNPs was calculated using the extinction coefficient of 2.7 ×108 M1
for ~13 nm particle diameter and assuming the AuNPs are monodispersed. The
wavelength shift was calculated as the difference between the maximum wavelength at
steady state and the wavelength of the AuNP at time t = 0 min.
Additions of ADTs and AMTs invariably induce immediate AuNP aggregations,
which are evident from the appearance of a new AuNP LSPR peak that is red-shifted in
comparison to the AuNP monomer peak around 520 nm. The degree of the AuNP LSPR
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red shift increases with longer sample incubation time for the first few minutes,
indicating the growing extent of AuNP aggregation and plasmonic coupling. However,
after 10 min or so, the LSPR peak wavelength associated with the aggregated AuNPs
becomes constant, while the peak intensity decreases monotonically with sample
incubation time. This reduced intensity is due to the agglomeration and precipitation of
the aggregated AuNPs.
Two scenarios could lead to constant LSPR peak positions of the aggregated
AuNPs. First, AuNP LSPR is sensitive only to initial AuNP aggregation in that
appreciable AuNP LSPR shift occurs only before the number of AuNPs in AuNP
aggregates reaches a certain threshold value. Further AuNP-aggregate size increases have
no detectable effect on the AuNP LSPR feature. Secondly, a AuNP aggregate loses its
dispersion stability in water once it grows to certain size. In this case, the AuNP
aggregate precipitates without contributing to the measured AuNP LSPR red-shift.
Experimental determination of the exact reason why the red-shift of the aggregating
AuNPs stops at a constant value is currently impossible because of the difficulty in
pinpointing the size and morphological distributions of the aggregated AuNPs in solution.
Regardless, the threshold value of the number of AuNPs in the ligand-containing AuNP
aggregates to reach steady-state LSPR wavelength should be approximately independent
of ADT and AMT carbon-chain lengths. Therefore, the differences in the steady-state
LSPR peak wavelengths among the different samples (Figure 3.8) are indicative of the
average junction sizes between adjacent NPs in the AuNP aggregates.
Figure 3.8 showed that the shorter the carbon-chain length becomes, the more
significant is the AuNP LSPR red-shift associated with AuNP aggregates induced by
68

either ADTs or AMTs. This carbon-chain length dependent red-shift data confirms that
AuNP LSPR peak shift can be used as a molecular ruler for estimating the average gap
size of the aggregated AuNPs.130-133 Indeed, computational simulation, conducted for
aggregates each containing 50 AuNPs, showed that the smaller AuNP gap size, the larger
LSPR shift of the aggregated AuNPs (Figure 3.9).
Importantly, the AuNP LSPR red-shift induced by EDT, BuDT, and HDT are
invariably larger than that induced by ET, BuT, and HT respectively. This indicates the
gap size in ADT-containing AuNPs is smaller than that in the AuNPs containing their
respective AMT counterparts. This observation is particularly noteworthy because, when
both are in extended conformer, ADT is invariably larger than its corresponding AMT on
AuNPs. These data excluded the possibility that there are substantial amount of ADTs are
in upright conformer in the NP junction areas.
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Figure 3.9

Computational simulation for the LSPR shift of AuNP aggregates as a
function of the AuNP gap sizes.

Note: The particle diameter of AuNP is 50 nm and the total number of AuNPs is 50.
The cross-comparisons of the AuNP LSPR features associated with AuNP
aggregation induced by ADTs and AMTs in Figure 3.8 is revealing. The strong alkyl
carbon chain-length dependence of the AuNP LSPR shift associated with the organothiolinduced AuNP aggregation indicates that there must be bound ligands present in the
junction area between the adjacent NPs. This, in turn indicates that substantial amount of
AMT and ADT adsorption occurs before the onset of the AuNP aggregations. If this was
not the case, the AuNP LSPR should be more or less independent of the alkyl chainlength. If the AMTs or ADTs only packed sparely on the AuNP junctions, the strong
inter-particle van der Waals forces should compress the few junction molecules present
into a totally flat conformer, making the interparticle distance independent of the alkyl
chain-length.
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The maximum gap size between two adjacent AMT-containing AuNPs in a AuNP
aggregate is two AMT monolayers that are both in upright position (Figure 3.10). Since
an ADT is longer than its corresponding AMT by a –SH group, these LSPR data allow us
to exclude the possibility that there are any significant amount of vertically linked ADTs
in the junction areas (Figure 3.10(E)) as proposed by Joo et al, or significant intralayer
linked ADTs (Figure 3.10(D)). This is because the gap size between the AuNPs in
Figures 3.10 (D) and 3.10 (E) has to be larger than that for the AMT thiol on AuNPs. On
the other hand, the structures and conformations depicted in Figures 3.10 (B), and 3.10
(C) fit the existing data and are both possible for ADTs located in the AuNP junctions.
This hypothesis is consistent with the S/Au ratio determined with the ICP-MS
measurements.
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Figure 3.10

Possible structures and conformations of ADT on AuNPs that have
comparable gap sizes with monolayer AMT-containing AuNPs, using EDT
as the model molecule.

Note: (A) a monolayer of ethanethiol (a monothiol) between two AuNPs, (B) two EDT
monomers adsorbed on two different AuNPs as dithiolates, (C) EDT monomer linking
two AuNPs as dithiolate, (D) EDT linker molecules having their terminal –SH groups
forming S-S bond and (E) dimerized EDT acting as linker between two AuNPs. The red
dots in the images represent sulfur atoms.
Taking all the results from SERS, ICP-MS, and LSPR measurements into
consideration together, it is evident that ADTs on AuNP surfaces are mixtures of multiple
structures and conformations. The exact structure and conformation of ADTs on AuNP
depends not only on the ADT carbon-chain lengths and concentrations, but also on ADT
locations on the AuNPs (junction or surrounding). For example, the extensive S-S
stretching feature observed in EDT SERS spectra is likely from the molecules that are
located outside of the junction areas. This is because the horizontal disulfide-linkage
between the surface-bound ADTs likely occurs in area where ADTs can be densely
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packed, while the vertical disulfide-linkage between ADT directly anchored on AuNPs
and that extended in solution should only be possible in which ADT molecules are free to
diffuse in and out. However, the ADT packing density and accessibility in NP junction
areas must be lower than their respective counterparts for ADTs outside the junction
regions.
3.4.2

ADT binding with AgNPs
ADT binding to AgNPs is significantly different from that to AuNPs. First, ADT

binding induces immediate AuNP aggregations, and complete AuNP settling within the
first two hours of ADT mixing with AuNPs. However, no appreciable AgNP settling
occurred in the ADT/AgNP mixing within the first 3 h of the sample preparations (Figure
3.11). It took more than 10 days for the AgNPs in all the ADT/AgNP mixtures to settle to
the bottom of the sample vials.
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Figure 3.11

(Top row) Photographs of AgNP/ADT mixtures with different
concentrations of ADTs after 3 h and 336 h of sample incubation. (Bottom
row) Representative SERS spectra of the samples shown in the photograph
for (A) EDT, (B) BuDT, and (C) HDT on AgNPs.

Note: The samples were prepared by mixing 1 mL of twice diluted AgNPs and 1 mL of
water followed by 1 mL of ADT. The nominal concentrations of ADTs in samples (a)-(e)
are 3 µM, 10 µM, 25 µM, 50 µM, and 250 µM, respectively. The spectral features in the
region from 2400 cm-1 to 3100 cm-1 are magnified by the specified factors.
Second, TEM measurements revealed that ADTs induce significant AgNP
disintegration (Figure 3.12) in which large amounts of amorphous precipitate appear in
the TEM image obtained with the washed precipitate in the ADT/AgNP mixture. No such
NP disintegration was observed in the ADT/AuNP mixtures that are aged for the same
period of time (Figure 3.13). Third, SERS spectra obtained with the precipitates in the
ADT/AgNP mixtures are also remarkably different from those acquired from precipitates
in their corresponding ADT/AuNP mixture (Figures 3.2 and 3.11). The C-S stretching
SERS intensities of C-S gauche (Iv(C-S),G) at the ~620 cm-1 region and trans C-S (Iv(C-S),T)
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at ~690 cm-1 region in the ADT/AgNP mixtures are significantly more intense than in
their respective ADT/AuNP counterparts. Moreover, the intensity ratio of C-S trans
versus C-S gauche SERS features increases with increasing ADT concentrations in the
ADT/AgNP mixtures as shown by the plot in Figure 3.14, but remained approximately
unchanged for the ADT/AuNP mixtures (Figure 3.2).

Figure 3.12

TEM images of (A) AgNP, (B) AgNP/EDT, (C) AgNP/BuDT, and (D)
AgNP/HDT.

Note: The samples were prepared by mixing 1 mL of two times diluted AgNP with 1 mL
water followed by 1 mL of the ADT. The concentration of ADT in the TEM samples is
33 µM. The TEM images were taken after 4 days of sample incubation.
Comparing and contrasting ADT versus AMT for their binding to AgNPs proves
to be quite instructive. We recently reported a comparative study of AMT binding to
AgNPs versus AuNPs in which the model AMT carbon-chain lengths vary from 2 to 14.
With ethanethiol the only exception, the AMTs on AgNPs are almost exclusively in C-S
trans conformer.123 This differs from ADTs on AgNPs where both C-S trans and gauche
conformers are present. This indicates that the AMTs are more highly ordered on AgNPs
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but mostly disordered for ADTs. Furthermore, no significant AgNP disintegration
occurred even after one month of incubating the AMT/AgNP mixtures. This stands in
sharp contrast to the ADT-induced AgNP disintegration. This AgNP disintegration is
caused by ambient oxygen oxidizing surface silver atom and the organodithiol then
accelerates the AgNP disintegration by chelating the oxidized silver.102

Figure 3.13

TEM images of (A) AuNP/EDT, (B) AuNP/BuDT, and (C) AuNP/HDT.

Note: The samples were prepared by mixing 1 mL of AuNP with 1 mL water followed by
1 mL of the ADT. The concentration of ADT in the TEM samples is 33 µM. The TEM
images were taken after 4 days of sample incubation.
The fact that AgNP are substantially disintegrated in AgNP/ADT mixtures, but
not in their corresponding AgNP/AMT solutions indicates that ADT is not as effective as
AMT in passivating the AgNP from oxidative disintegration. This observation is
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consistent with the fact that ADT is drastically more disordered than AMT on AgNP
surfaces. Therefore, oxygen can readily diffuse through the ADT overlayer and react with
silver atoms in AgNPs. The exact reason for the structural and property differences
between ADT and AMT on AgNPs is currently unclear. The attempt to determine the
structure of the disintegrated AgNP/ADT complex was unsuccessful. Regardless, the
TEM data excluded the possibility of ADT linking two AgNPs as a single-molecule
dithiolate spacer. The significant NP disintegration observed in the ADT/AgNP mixture
strongly suggests that the two ADT thiols have both reacted mostly with Ag+, but not
with intact AgNPs. This conclusion is supported by the SERS spectra in Figure 3.11 that
ADTs on AgNP are predominantly in dithiolate form. No significant S-S or S-H
stretching features were observed in the SERS spectra obtained with the AgNP/ADT
mixtures.

Figure 3.14

Intensity ratio of C-S trans (T) to C-S gauche (G) as a function of the
nominal ADT concentration.

Note: The ratio is determined from the SERS spectra of ADT on AgNPs.
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3.5

Conclusions
ADT interactions with AuNPs are significantly different from its binding to

AgNPs. The ADT thiol groups at the AuNP/ligand interface are in thiolate form in which
the sulfur-bound hydrogen is released as a proton. The remaining thiol can either remain
intact, generate a disulfide bond with another ADT, or become deprotonated by attaching
to the same or a different AuNP. ICP-MS measurements reveal that some ADT molecules
lie flat on AuNPs. The degree of the disulfide bond formation of the upright ADTs on
AuNPs depends critically on the carbon chain-length. EDTs are more extensively
disulfide-linked compared to BuDT and HDT molecules on AuNPs. The gap size in the
ADT-containing AuNP aggregates is significantly smaller than that in AuNP aggregate
counterparts that contain AMTs of the same carbon-chain length. This excludes the
possibility that significant amount of oligomerized ADTs are present at the AuNP
junctions. In sharp contrast to the structural complexity of ADT on AuNPs, ADT induces
significant AgNP disintegration during which ADTs were converted predominantly to
dithiolate. The insights from this study will be important for developing a comprehensive
understanding of organodithiol interactions with the plasmonic AgNPs and AuNPs in
water.
Notes: This work has been previously published: Gadogbe, M.; Zhou, Y.; Alahakoon, S.
H.; Perera, G. S.; Zou, S.; Pittman, C. U.; Zhang, D., Structures and Conformations of
Alkanedithiols on Gold and Silver Nanoparticles in Water. J. Phys. Chem. C 2015, 119,
18414-18421.
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